Abstract-Control and actuation are the most important factors that determine the performance of traditional electromechanical robots. Bio-syncretic actuators are a potential trend for the next generation of robots to overcome the challenges in the control and actuation faced by the traditional robots and many novel bio-syncretic actuators have been reported with various biological entities. However, none of these works considers the movement control of such bio-syncretic robots. In this paper, we propose a new actuation approach strategy to assist bio-actuation with remote magnetic field, and present a dolphin-shaped micro-swimmer. Cardiomyocytes are used for bio-actuation. The mathematical model for the micro-swimmer is developed and is validated by comparing the experimental result and simulation result based on the properties of beating cells measured by SICM and AFM. This work is fundamental to the development of bio-syncretic robots.
I. INTRODUCTION
Bio-syncretic actuators are a potential trend for the next generation of robots to overcome the challenges in control and actuation, which hinder the development of traditional robots, with the special advantages of biological entities in that they have not only intrinsic on-board sensing ability but also autonomous control capability utilizing the cell's sensory and behavioral responses to environmental stimuli, such as mechanical stimulation, chemical gradients and medicine [1] . Arising from these superior performances, many researchers have developed a new generation of micro-robots based on bio-syncretic actuators with biological entities ranging from muscle bacteria, cells to tissues, which have proved the feasibility of bio-syncretic robots [2] [3] .
In the strategy of employing bacteria, many kinds of rotating flagella, such as Escherichia coli, Salmonella typhimurium, and Serratia marcesens, have been used to provide power to micro structures and work as bio-motors for the micro-robots [1] [4] [5] [6] . On the other hand, the cells including cardiomyocytes and skeletal muscle cells with the capability of contraction are an ideal on-board actuator for micro-robots due to the unique characteristics of autonomous and synchronous beating activity. And bio-actuators with different structures have been developed based on the contraction motion of living cells [3] [7] [8] [9] . In the aspect of biological tissues, compared to mammalian cells, the insect dorsal vessel tissues not only can beat spontaneously, but also are robust over a range of culture conditions [10] . With these advantages, many novel bio-actuators using insect dorsal vessels have been proposed by assembling the contractile micro-tissues taken from living body onto a non-biomaterial micro-device and these bio-actuators can move in a preconcerted mode [11] [12] [13] .
Although many amazing bio-actuators have been developed recently and they have been proven to be an effective method of untethered actuation of microdevices, there are some shortcomings in the current researches on bio-syncretic micro-robots. Most of the bio-actuators are actuated by beating cells or tissues only. Although they can drive micro-robots to move at certain speed or frequency depending on the biological entities, they lack discretionary controls of speed and direction. And none of such bio-actuators considers remedial measures for the bio-syncretic micro-robots in the complex and strict environments such as blood vessel in human body.
The use of magnetic field is a perfect method to control micro-robots since the magnetic field could penetrate most barriers, such as human bodies and lab-on-a-chip devices, and actuate micro-robots without direct contact [2] . Many micro-devices powered by magnetic fields have been successfully demonstrated [14] [15] [16] . All of these devices have no on-board actuators and require remote magnetic forces or rotating magnetic fields for propulsion. Comparing with bio-actuated micro-robots, they had no integrated on-board sensors and actuators to maintain long-playing spontaneous work without human monitoring and control in complex environments, such as working in human body to diagnose and cure cardiovascular and cerebrovascular diseases.
By integrating magnetic field assisted actuation into a bio-syncretic micro-robot, a bio-syncretic robot with either remote actuation and control or on-board sensing and actuation can be achieved. Although this strategy has wonderful advantages, there are few researches on micro-robots using this strategy. Recently, some studies on micro-actuators by combining biological actuations and magnetic drives have be reported, and most of them utilize magnetotatic bacteria or magnetic particles adhered by swimming bacteria [1] [17] [18] . The actuation of such micro-robots mainly take advantages of impetus from bacteria. However the bacteria are incompatible with human body and they could move in fluid only with their flagellum. Such In this paper, we demonstrate a bionic bio-syncretic swimmer consisting of biomaterial Polydimethylsiloxane (PDMS), cardiomyocytes and micro-magnets. Actuated by either cardiomyocytes or remote magnetic field, the swimmer could swim in the liquid environments with both low and high Reynolds number, such as blood, water, and so on. As the on-board actuator, cardiomyocytes directly transform chemical energy to mechanical energy through hydrolysis of Adenosine Triphosphate (ATP) to provide long term propelling for normal work without any human control and operation. However, when the assignment requires the robot to move in different direction or the broken robot needs to be recycled, the remote magnetic assisted actuation will be an effective approach. The mathematical model for simulating the swimmer is developed and validated by comparing the results of experiments and simulation based on the beating activity of cardiomyocytes measured by Atomic Force Microscopy (AFM, Bioscope Catalyst, Veeco) and Scanning Ion Conductance Microscopy (SICM). This work is an important step for developing bio-syncretic robots consisting of living biological entities and traditional electromechanical system. The strategy of remote magnetic field assisted bio-actuation takes advantages of on-board actuator and remote non-contacting actuation and control, and bio-syncretic micro-robots with such hybrid actuations will have potential applications, such as medicine, industry and military.
II. M
The bio-syncretic swimmer is primarily made up of Polydimethylsiloxane (PDMS), cardiomyocytes and two micro-magnets assembled into the PDMS structure. To obtain better moving and control performances, the geometrical structure of the micro swimmer is designed to have a dolphin shape with two long bionic tails, as shown in Figure 1 . Because of the unique characteristics of auto-rhythmicity and synchronism, cardiomyocytes could be organized to a macroscale actuator, we choose cardiomyocytes as the on-board actuation elements of the bio-syncretic swimmer. 
A. Bio-syncretic micro-swimmer fabrication
The main body of the swimmer was made of PDMS as shown in Figure 2 . The geometric structure was designed with computer-aided design software. The mold of polymethyl methacrylate was manufactured by mini-type miller (ROLAND EGX-400, Japan). To power the swimmer with magnetic field following the specific direction of magnetic pole, two assisting micro-magnets were assembled at proper positions under the mold. Then, the micro-magnets were fixed in the mold by magnetic force. The uncured PDMS was poured onto the mold and flooded the micro-magnets. After baking at 75 C 0 for 4 hour, the micro-structure including micro-magnets was detached from the mold carefully. To make the micro-swimmer to possess the capability of self-propelled swimming, the spontaneously contractible cardiomyocytes were seeded onto the proper location of the PDMS structure by enabling the surface of the PDMS structure to be hydrophilic with oxygen plasma using gas plasma dry cleaner (GPDC, Diener, Germany). The living beating cardiomyocytes adhered on the two tails of the swimmer would force the tails to swing for propelling in liquid, as shown in Figure 3 
B. Magnetic coil system
Uniform remote magnetic fields were generated by a magnetic actuation system, assembled by our lab, consisting of three pairs of copper coils, power amplifier and a PC, as shown in Figure 4 [19] . To achieve a magnetic field that can vertically actuate micro-magnets, the Maxwell's magnetic field was generated by a pair of horizontal coils. The magnetic force actuating the micro-magnets could be controlled by changing the electricity in the horizontal pair of coils. When alternating current was inlet, the coils can generate alternating force to the micro-magnets, and therefore, the two tails of the micro-swimmer can flap for pushing the swimmer to move. 
III.
The bio-syncretic micro-robot has a certain capacity of autonomy because the cardiomyocytes can be the on-board sensor and actuator. But, when the swimmer implements some special tasks or works in some complex environments, they may need the assistance from the remote magnetic field, and ATERIALS AND METHODS MATHEMATIC MODEL OF THE PROTOTYPE the assisting force must be satisfied to meet the special requirements, such as speed, turning and swimming force. Therefore, a mathematic model for analyzing the movement of the swimmer is necessary.
A. Kinematic analysis
The bio-syncretic swimmer moving forward is mainly actuated by the driving force of the tails of the micro-structure by slapping the liquid. And, the swimmer bears a frontal resistance and a friction between body surface and liquid during the motion, as shown in Figure 5 . The swimmer moving forward is driven by the horizontal component of the interaction force between the slapping tails and the liquid. The effective area (A3) changes when the tails are swinging into liquid, as shown in Figure 6 . Therefore, the interaction force (FA) related to the area (A3) of the part of the tail in liquid is written as follows [20]:
Because the effective area A3=w2•l3, the equation is rewritten as:
Since the velocity of a point on the surface of the tail is:
Then, the interaction force is equal to:
The length (l3) of the part of the tail in liquid is directly related to the angle (α), according to Figure 7 . Then, the interaction force can be a function of the angle between the tail and the horizontal plane, written as follows:
When the swimmer moves in liquid, the tails are in the dynamic balancing state, in the participation of the actuating force from living on-board cardiomyocytes (or remote magnetic field), the material's elastic force of the tails, inertia moment of the tail and the acting force of the liquid. It is reasonable to hypothesize that the process of actuating the tails consists of two steps. The first step is that the tails swing upward to leave the liquid to prepare for actuating the swimmer and the second step is that the tails being above the liquid swing downward to slap the liquid for driving the swimmer to move forward, as shown in Figure 6 . In the first step, the acting force of the liquid on the swimmer is small, and therefore it is ignored. The tail's state could be described as follows 
where the first part is inertia moment of the tail, the second part the material's elastic force of the tail, and the last part the actuating force from the cardiomyocytes or magnetic field.
In the second step, the acting force of the liquid changes depending on the angle between the tail and the horizontal plane, according to the equation (4) . Then, the dynamic balance of the tail can be described as follows:
where the third part is the acting force of the liquid onto the tail.
The equation (5) and (6) can be combined into an equation with a sign function, as follows:
B. Swimming analysis
When the micro-swimmer swims in liquid, the actuating force is discontinuous. Therefore, the momentum theorem could be adopted to calculate the average velocity of the swimmer. The momentum of the horizontal component of the actuating force is equal to the momentum of frontal resistance and friction between the structure and liquid.
The horizontal component of each tail of the swimmer depends on the angle between the tails and the horizontal plane, as shown in Figure 7 (A), is written as follows:
The total horizontal component of the two tails of the swimmer, as shown in Figure 7 (B), is then described as below:
where β is the angle between the two tails of the swimmer. Applying a defined external actuation FE and combining the equation (4), (7), (8), and (9), the total horizontal component can be described as:
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The total resistance that the bio-syncretic swimmer bears could be divided into two parts, pressure resistance and frictional resistance between the structure and liquid.
The pressure resistance and the frictional resistance are described as follow:
where Cf is the frictional resistance coefficient, S1 the friction area between the swimmer and the liquid, S4 the upstream area. As to laminar flow, the frictional resistance can be described as:
The Reynolds number Re is defined as:
where v is the velocity of the swimmer, V the kinematic viscosity coefficient of the liquid, Lw the length of the swimmer's waterline.
According to the momentum theorem and based on the assumption that the swimmer swims at a constant velocity v, the actuation force momentum of horizontal component IA should be equal to the total resistance momentum IR.
Combining the equations (11), (13), (14), and (15), the motion of the bio-syncretic micro-swimmer can be described as the following equation, and the constant velocity v can be solved. 
tan tan t (16) IV.
LT
The bio-syncretic micro-swimmer can spontaneously work with the on-board actuator, cardiomyocytes, in the regular condition. To actuate the bio-syncretic micro-robot in case that special controls or actuations are needed in complex environments, the remote actuation should be accurate to carry out the designated work satisfactorily. The theoretical analysis of the micro-swimmer should be validated by experiments.
A. Measuring beating activity of cardiomyocytes
The cardiomyocytes were extracted from neonatal rats born in a week [21] , and they were seeded selectively onto the treated surface of the microswimmers. After being cultured in fresh culture media at 5% CO2 and 37 C 0 for two days, the living cardiomyocytes began to beat spontaneously, the contraction would reach the peak at fourth day in culture media.
To deeply study the dynamics of the bio-syncretic swimmer, the beating activities of the living cardiomyocytes should be measured, then the geometric structure of the swimmers could be optimized based on the result for better dynamic performance. In this paper, the beating frequency and amplitude were measured with the SICM and AFM assembled by our group [22] . The work optimizing the structure of the swimmers using the commercial optimization design software and the experiments would be developed in the further plan.
For the sake of experimental accuracy, the influences on the properties (contracting force, frequency and amplitude) of cells during measurements of the beating cardiomyocytes must be as small as possible. Therefore, SICM is chosen to measure the beating amplitude of cardiomyocytes by taking advantage of the non-contact mode.
Here, the beating amplitude of the beating cells was recorded without damage by the SICM. This parameter of cardiomyocytes is important, because it impacts the swinging displacement of the swimmers' tails. Then the geometric parameters of the micro-swimmer structure could be optimized based on the contracting amplitude of the on-board actuator of cardiomyocytes. Because the beating amplitude is directly related to the static height of the cardiomyocytes stack of cardiomyocytes (single cell, several cells and multi-layer cells), the absolute height of the stack of cardiomyocytes is defined as follows: 2 1
where h1 is the relative height of the substrate, h2 is the relative height of the cardiomyocytes. The result was fitted with a mathematical model and it is shown that the amplitude of the stack of cardiomyocytes enlarges as the static height of the stack of cells increases, as shown in Figure 8 . The static height of the stack of cells ranges from 6.2μm to 24.9μm, and their beating amplitude ranges from 0.2μm to 7.6μm correspondingly, as shown in Figure 8 . The driving force of the on-board bio-actuators is the most important factor, and, like traditional electrical motors, it provides power to the mechanical robot system. It is assumed that the enchylema of cardiomyocytes is incompressible, therefore the lateral contraction force is related to the longitudinal force that could be measured by AFM. The tip of AFM was located on the beating cardiomyocytes, and the cantilever was deformed by the beating forces of the different scale of cardiomyocytes. The micrograph of several beating cells being measured with AFM is shown in Figure 9 (A). The force of cells was recorded by the deformation of the cantilever as shown in Figure 9 (B). The average longitudinal beating force of a stack of several cardiomyocytes is about 3nN, and the relationship between the lateral contraction force and longitudinal force will be studied in the future work. 
B. Actuating by biology
The swimmer was detached from the culture media carefully, and was transferred reversely into another culture media including appropriate amount of medium for observing the result of on-board actuation by cardiomyocytes to propel the micro-swimmer.
Because the concentration of the cardiomyocytes that were seeded onto the PDMS film is lower than that deforming the 0.1mm PDMS film and the deformation of the tails of the micro-swimmer is about 0.5mm, this is not enough to actuate the micro-swimmer to move effectively. Therefore the actuation assisted by magnetism would be needed. In the future work, we will increase the concentration of the cardiomyocytes seeded onto the more suitable and ingenious structures, such as the ones with hinge and thin tails.
C. Assisting actuation by magnetism
According to the above results on cardiomyocytes, the remote magnetic field force is chose to be sawtooth so that it is similar to the beating wave, as shown in Figure 9 (B), for assisting the actuation of the bio-syncretic swimmers. Therefore, the force FE in equation (7) is defined as:
where F0 is the amplitude of the remote magnetic force; ω is the angular frequency of the sawtooth.
In this experiment, the remote magnetic force amplitude was set to be 0.05 μN, the frequency was 5 Hz, and the rest parameters were defined as the real physical geometry parameters of the micro-swimmer and the environment. The mathematic model of the swimmer was simulated with MATLAB and was compared with the result of the swimmer actuated by remote magnetic field. The swinging angle α, as described in equation (7), was simulated as shown in Figure  10 . The data of α was calculate from equation (8) , and the average velocity v could be obtained according to equation (16) . The average velocity of the mathematical model was 7.0 mm/s. For verifying the validity of the mathematical model, the experiments of magnetic field actuated bio-syncretic swimmers were developed using the magnet actuation platform shown in Figure 4 . The culture dish including the culture medium and the bio-syncretic swimmer was located at the center of the coils, as shown in Figure 11 , and the sawtooth stimulation as described in equation (18) was inflicted to actuate the swimmer. The result showed the velocity of the swimmer actuated by the on-board beating cardiomyocytes and the remote assising magnetic field was 5mm/s.
Comparing the result of mathematical model (7.0mm/s) and experimental result (5mm/s), the error was 28.57%. This deviation is acceptable. The difference could be attributed to the disturbance of the liquid and the control error of remote magnetic force based on simulation by COMSOL. This result proved the validity of the mathematical model, and the feasibility of the approach that utilizes the remote magnetic field to assist on-board bio-actuation for bio-syncretic robot. Next, we would change the parameters of the stimulation, such as frequency, amplitude, waveform and so on, to normalize the relationship between the parameters and the performance of the swimmer for the better assisting actuation. In addition, with different physical parameters of micro-magnets in each tails, the swimmer could implement turning movement under mixture magnetic field stimulation of different parameters for controlling each tail respectively.
V. CONCLUSION
Bio-syncretic robots are a novel trend of robots to overcome the challenges faced by the traditional electromechanical robots. We proposed an approach to assist bio-actuation with remote magnetic field and demonstrated the feasibility of such strategy. We also presented a dolphin-shaped micro-swimmer and developed the corresponding mathematical model for the bio-syncretic robot. The mathematical model was validated by comparing the experimental result and simulation result based on the measured properties of beating cells. This work is important for remedying the drawbacks of the robots actuated by either biological entities or electromechanical systems only. This study not only lays a foundation for the development of real bio-syncretic robots, but also has potential application in disease monitoring, diagnosing and therapy, drug delivery, and so on.
